An Mo gate work function control technique which uses annealing or N + ion implantation has been reported by Ranade et al. We have fabricated Mo-gate MOS diodes, based on their report, with 5-20 nm SiO 2 and found that the gate leakage current was increased as the N + implantation dose and implantation energy were increased. Although a work function shift was observed in the C-V characteristics, a hump caused by high-density interface states was found for high-dose specimens. Nevertheless, a work function shift larger than -1V was achieved. However, nitrogen concentration at the Si surface was about 1x10 20 cm -3 for the specimen with a large work function shift.
Introduction
The gate length of advanced CMOSFETs will be shorter than 50 nm by 2003. When that happens, a gate oxide, which is the most important factor for improving the performance of FETs, will be 1.1-1.6 nm [1] . As the gate oxide is scaled, the increase in electrical thickness due to gate depletion becomes more severe. The total loss in electrical thickness due to gate depletion and quantum effects in a channel is forecasted to be 0.8 nm. In addition, in the case of poly-Si gate CMOSFETs, the increase in gate resistance due to gate electrode thickness scaling and the boron penetration problem are serious obstacles to continuing traditional scaling. Since these problems are attributed to the necessity of doping poly-Si, a metal gate could be a potential solution Refractory metals, such as Mo, Ta, Ti, and W, and their nitrides are candidates for metal gate material. Mo especially has many advantageous features for use in the conventional LSI fabrication process. For example, Mo has a high melting point (2620 o C) that is suitable for hightemperature processes like S/D activation annealing. It also has low resistivity (5.0 µΩ-cm), which is lower than that of silicide films, as well as a feature that makes it possible to apply fine patterning by the conventional dry etching process. However, conventional CMOS devices use p + -poly-Si for p-MOSFET and n + -poly-Si for n-MOSFET for threshold voltage adjustment. This means that the work function of the metal gate material must also meet this requirement.
Otherwise, counter doping to the channel region, which tends to lead to mobility degradation and 
Experiment
Mo-gate diodes were fabricated on p-type Si (100) substrates. After LOCOS isolation, 5-to 20-nm-thick gate oxides were grown by thermal oxidation. Fifty-or 150-nm-thick Mo films were formed by DC sputtering. No substrate heating was carried out during sputtering. Mo film was patterned to form gate electrodes by using reactive ion etching (RIE) with chlorine-based gases.
Nitrogen ions were implanted in the Mo gate with energies of 10 to 75 keV. The implantation dose was in the range of 2. The work function was extracted from MOS C-V characteristics using flatband voltage as an index. To separate the fixed charge and the work function, MOS diodes with oxides of various thicknesses were evaluated.
Results and Discussion
Molybdenum crystal orientation was evaluated by X-ray diffraction. As shown in Fig. 1, for as-deposited and annealed films, a (110) peak was mainly exhibited. In addition,a columnar structure was observed by SEM for as-deposited and annealed cases. Thus, variation of Mo crystallinity was not observed. angle. Figure 8 shows the frequency dependence of C-V characteristics for the 25 keV cases.
Humps appear as the C-V measurement frequency is lowered. The humps were not observed for the no-implantation specimens and they were barely observed for MOS diodes with 20-nm oxide. This result implies that a high-density interface state is formed for thin gate oxide by N + implantation. However, an increase in the leakage current was clearly seen even for thick (20 nm) oxides, as shown in Fig. 9 . The leakage current for the 10 kV cases is comparable to that for the no-implantation specimen. However, the magnitude of the work function shift for 10 keV is too small for practical purposes, as shown in Fig. 7 .
Since the nitrogen concentration in Mo film is nearly uniform, as shown in Fig. 5 , the role of explaining the increase in leakage current shown in Fig. 9 . No evidence of compound formation consisting Mo, N, and Si is found by X-ray diffraction shown in Fig. 1 . However, this result does not prove the absence of such a compound; instead a much more sensitive evaluation method is required. We should pay attention to the nitrogen concentration in Si. Nitrogen is not usually used as a donor, but it certainly works as a donor [9] . The nitrogen activation rate and the electrically active nitrogen profile should be investigated in order to evaluate the role of nitrogen in the work function shift accurately.
Conclusions
We investigated variations in the electrical characteristics of an N + implanted Mo-gate MOS structure. By adjusting the implantation conditions, the Mo work function was modified from 5.2 eV for an unimplanted specimen to 3.5 eV. However, the conditions that caused a large work function shift led to an increase in interface states and leakage current. In such a case, nitrogen concentration at the Si surface was about 1x10 20 cm -3 . To make this N + implantation method practicable, a work function shift with a much lower nitrogen concentration should be obtained.
